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ABSTRACT

Nicotine, the major addictive agent in tobacco, is metabolized
primarily by CYP2A6-catalyzed oxidation. The product of this
reaction, 5’-hydroxynicotine, is in equilibrium with the nicotine
A% Miminium ion and is further metabolized to cotinine. We
reported previously that both CYP2A6 and the closely related
extrahepatic enzyme CYP2A13 were inactivated during nico-
tine metabolism; however, inactivation occurred after metab-
olism was complete. This led to the hypothesis that oxidation
of a nicotine metabolite, possibly the nicotine A% iminium
ion, was responsible for generating the inactivating species.
In the studies presented here, we confirm that the nicotine
A% ™iminium ion is an inactivator of both CYP2A6 and

CYP2A13, and inactivation depends on time, concentration,
and the presence of NADPH. Inactivation was not reversible
and was accompanied by a parallel loss in spectrally active pro-
tein, as measured by reduced CO spectra. These data are con-
sistent with the characterization of the nicotine A% ")iminium ion
as a mechanism-based inactivator of both CYP2A13 and
CYP2A6. We also confirm that both CYP2A6 and CYP2A13
catalyze the metabolism of the nicotine A% iminium ion to
cotinine and provide evidence that both enzymes catalyze the
sequential metabolism of the nicotine A% " iminium ion. That is,
a fraction of the cotinine formed may not be released from the
enzyme before further oxidation to 3'-hydroxycotinine.

Introduction

Nicotine, the major addictive agent in tobacco, is metabo-
lized primarily by cytochrome P450-mediated oxidation
(Hukkanen et al., 2005). The product of this reaction, 5'-
hydroxynicotine, is in equilibrium with the nicotine
A5 Miminium ion and is further metabolized to cotinine. Sub-
sequently, cotinine is metabolized to trans-3’-hydroxycotinine
(BHCOT) (Fig. 1). The conversion of nicotine to cotinine and
3’-hydroxycotinine typically accounts for 70 to 80% of the
metabolism of nicotine in smokers (Hukkanen et al., 2005).
The cytosolic enzyme aldehyde oxidase catalyzes the oxida-
tion of the A% *”iminium ion to cotinine (Brandinge and
Lindblom, 1979; Gorrod and Hibberd, 1982); however, Shi-
genaga et al. (1988) reported that the conversion of the nic-
otine A®*’iminium ion to cotinine occurs in rabbit liver
microsomal fractions. More recently, we have reported that
cotinine is a product of CYP2A6- and CYP2A13-catalyzed
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nicotine metabolism (Murphy et al., 2005; von Weymarn et
al., 2006).

The hepatic enzyme CYP2A6 is the primary catalyst of
nicotine 5’ oxidation in humans (Hukkanen et al., 2005). The
closely related enzyme CYP2A13, expressed in the lung (Su
et al., 2000), is a somewhat better catalyst of this reaction
(Bao et al., 2005; Murphy, et al., 2005). The role of CYP2A13
in the metabolism of nicotine in vivo is as yet unknown. Both
CYP2A6 and CYP2A13 also catalyze the oxidation of coti-
nine. The products of these reactions include trans-3'-hy-
droxycotinine, 5’-hydroxycotinine (5HCOT), and N-(hy-
droxymethyl)norcotinine (NHCOT) (Fig. 1) (Nakajima et al.,
1996; Murphy et al., 1999; Brown et al., 2005). In contrast to
what is observed in smokers, ¢trans-3'-hydroxycotinine is not
the primary product of CYP2A6- and CYP2A13-mediated
cotinine metabolism in vitro (Murphy et al., 1999; Brown et
al., 2005). The major product of CYP2A6-mediated cotinine
metabolism is N-(hydroxymethyl)norcotinine, and 5’-hy-
droxycotinine is the primary product of CYP2A13-catalyzed
metabolism (Brown et al., 2005).

CYP2A6 and CYP2A13, which are 94% identical, metabo-
lize many common substrates, but the product distribution
and rates of the reactions often differ. For example,

ABBREVIATIONS: 3HCOT, 3’-hydroxycotinine; 5SHCOT, 5'-hydroxycotinine; NHCOT, N-(hydroxymethyl)norcotinine; NCOT, norcotinine; P450,
cytochrome P450; (S)-NNN, (S)-N'-nitrosonornicotine; TFA, triflouroacetic acid; B-nicotyrine, 1-methyl-4-(3-pyridinyl)pyrrole; HPLC, high-perfor-
mance liquid chromatography; LC, liquid chromatography; MS, mass spectrometry; MS/MS, tandem MS; S.A., specific activity.
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CYP2A6 exclusively catalyzes the 7-hydroxylation of cou-
marin, whereas CYP2A13 catalyzes both the 7-hydroxyla-
tion and the 3,4-epoxidation of coumarin (von Weymarn and
Murphy, 2003; Schlicht et al., 2009). Metabolism of the to-
bacco-specific carcinogen 4-(methylnitrosamino)-1-(3-
pyridyD)-1-butanone by CYP2A6 and CYP2A13 generates a
similar distribution of products. However, the catalytic activ-
ity (V,../K,,) of CYP2A13-mediated 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK) metabolism is more than
200-fold greater than that of CYP2AG6 (Jalas et al., 2005). The
significantly larger active site of CYP2A13 relative to
CYP2A6 (Yano et al., 2005; Smith et al., 2007) is likely to
contribute to some of these differences.

We reported previously that both CYP2A6 and CYP2A13
were inactivated during nicotine metabolism (von Weymarn
et al., 2006). The irreversible inactivation of the two enzymes
by nicotine was time-, concentration-, and NADPH-dependent.
However, the majority of the inactivation occurred after nic-
otine metabolism was complete, leading us to suggest that a
secondary metabolite of nicotine may be responsible. A likely
precursor to the inactivating species is the primary prod-
uct of CYP2A6- and CYP2A13-catalyzed nicotine metabo-
lism, the nicotine A% *”iminium ion. We report here that
the nicotine A®'”iminium ion inactivates both CYP2A6
and CYP2A13 in a time-, concentration-, and NADPH-
dependent manner. In addition, we characterize the prod-
ucts of CYP2A6- and CYP2A13-catalyzed nicotine
A% Timinium ion metabolism and present data supporting
the sequential metabolism of the iminium ion to trans-3'-
hydroxycotinine by CYP2A13. That is, we suggest that a
portion of the primary metabolite, cotinine, is oxidized to
trans-3'-hydroxycotinine before being released from the ac-
tive site.

Materials and Methods

Chemicals and Enzymes. Nicotine A>*’iminium ion was syn-
thesized as described previously (Peterson et al., 1987). [5->H]nico-
tine A®*’iminium ion was prepared enzymatically from [5-*H](S)-
nicotine as described below. N-(hydroxymethyl)norcotinine was
synthesized as described previously (Brown et al., 2005). The [5-
3H](S)-nicotine was prepared from (S)-5'-bromonicotine by Moravek

e N [o} 7 N [o}
| 1 —_— | )
N CH,OH N H

N-(Hydroxymethyl)norcotinine

Norcotinine

Biochemicals (Brea, CA) and purified by HPLC as described previ-
ously (Murphy et al., 2005). Cotinine N-oxide, norcotinine, 5'-hy-
droxycotinine, cis- and trans-3'-hydroxycotinine, and (S)- NNN were
purchased from Toronto Research Chemicals Inc. (North York, ON,
Canada). (S)-nicotine, cotinine, nornicotine, 7-hydroxycoumarin,
coumarin, dilauroyl-L-a-phosphatidylcholine, NADPH, bovine serum
albumin, catalase, and all other biochemical reagents were obtained
from Sigma-Aldrich (St. Louis, MO) and were of analytical grade.
TFA and dialysis cassettes were obtained from Pierce (Rockford, IL).
The dg-trans-3'-hydroxycotinine was a kind gift from Dr. Payton
Jacob (University of California, San Francisco, CA). The enzymes
used in this study were expressed in Escherichia coli and purified
according to previously published protocols (Hanna et al., 1998; Kent
et al., 1999; Soucek, 1999; von Weymarn et al., 2005).

Preparation of Tritium-Labeled Nicotine A% ’Iminium
Ion. Purified CYP2A13 (100 pmol) was reconstituted with rat
NADPH-cytochrome P450 oxidoreductase (reductase) (100 pmol)
and dilauroyl-L-a-phosphatidylcholine (30 wg) for 45 min at 4°C. The
reconstituted enzyme mixture was incubated with [5-H](S)-nicotine
(150 pCi; 20 pCi/mmol), catalase (60 units/pl), and an NADPH-
generating system (0.4 mM NADP", 10 mM glucose 6-phosphate,
and 0.4 units/ml glucose phosphate dehydrogenase) in 200 pl of Tris
buffer (100 mM; pH 7.4) for 10 min at 30°C. The reaction was
terminated by the addition of 20 pl of 15% trichloroacetic acid and
centrifuged for 10 min at 1500g. The [5-*Hlnicotine A®*”iminium
ion was purified by collection from HPLC system I (see below). The
fractions containing nicotine A% *”iminium ion were pooled and fur-
ther purified on an Oasis MCX Sep-Pac (Waters, Milford, MA). The
iminium ion was eluted with methanol containing 2% ammonium
hydroxide following the protocol used previously for the isolation of
nicotine from plasma (Bloom et al., 2011). The [5-H]nicotine
A5 iminium ion was stored at —80°C and used within 10 days of
the purification because of instability.

Nicotine A® *’Iminium Ion Metabolism by CYP2A6 and
CYP2A13. The purified P450 enzymes were reconstituted with re-
ductase and lipid as described above. The ratio of P450 to reductase
was 1:2. Tris buffer (100 mM, pH 7.4) and catalase (60 units/p.l) were
added to the reconstituted enzyme to achieve a P450 concentration of
0.5 pmol P450/ul, 1.0 pmol P450/ul, or 2.0 pmol P450/ul. Aliquots of
the reconstituted enzyme were added to 100 mM Tris buffer, pH 7.4,
NADPH-generating system, and [5-*H]nicotine A% iminium ion
(specific activity, 0.02-2.0 Ci/mmol; 5-500 p.M) in a final volume of
200 pl. Reactions, carried out at 37°C, were terminated by the
addition of either 20 pl of 15% triflouroacetic acid (for analysis using
HPLC system I) or 20 pl each of 0.3 M barium hydroxide and zinc



sulfate (for analysis using HPLC system II) and centrifuged at 1500g
(10 min), and the supernatant was removed and analyzed the same
day by one of two HPLC systems (see below).

The metabolites were identified by coelution with standards (UV
detection at 254 nm) and LC/MS/MS analysis. The analysis was
performed on an Agilent 1100 series capillary HPLC system (Agilent
Technologies, Santa Clara, CA) interfaced to a Thermo Scientific
TSQ Vantage triple quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, MA). Samples and standards (4—8 pl) were
injected on a 0.5 X 100-mm Zorbax C18 (5-pm particle size) capillary
column (Agilent Technologies). The analytes were eluted isocrati-
cally with 0.1% TFA in water for 5 min followed by a linear gradient
to 30% acetonitrile containing 0.1% TFA over 15 min. The flow rate
was 15 pl/min. The unknown peak eluting at 28 min generated by
CYP2A6 with either 5 or 100 uM nicotine A% *”iminium ion was
collected from HPLC system II before analysis by LC/MS and LC/
MS/MS.

To determine kinetic parameters a series of preliminary experi-
ments were carried out to find conditions that minimized both the
inactivation of the enzymes and the secondary metabolism of coti-
nine. Experiments were performed that varied both time (2.5-30 min
for CYP2A13 and 2.5-120 min for CYP2A6) and enzyme concentra-
tions (12.5-60 nM for CYP2A13 and 25-100 nM for CYP2AG6). Be-
cause of inactivation of the enzymes short reaction times were re-
quired to obtain a linear rate of product formation (2.5-5 min for
CYP2A13 and 5-20 min for CYP2A6). At high enzyme concentra-
tions significant secondary metabolism occurred. A time course at
low enzyme concentrations (2.5-5 pmol for CYP2A13 and 5-10 pmol
for CYP2A6) using different nicotine A>*iminium ion concentra-
tions was performed to finalize conditions. The conditions that were
used to estimate the kinetic parameters were 5, 10, 15, 25, 50, 75,
and 100 uM nicotine A% *”iminium ion with 3 pmol CYP2A13 and
10, 25, 50, 100, 200, and 400 pM with 10 pmol CYP2A6. Reaction
times were 4 and 20 min for CYP2A13 and CYP2AG6, respectively.
Some secondary metabolism still occurred under these conditions.
Michaelis-Menten constants were calculated for cotinine formation
by using EZ-Fit 5 software (Perrella Scientific, Amherst MA).

Sequential Metabolism of the Nicotine A% *’Iminium Ion
by CYP2A6 and CYP2A13. These experiments were carried out at
30°C to mimic the inactivation experiments. Reconstituted CYP2A13
(25 pmol, at 0.5 pmol P450/ul) was incubated with either 5 pM
[5-*H]nicotine A% iminium ion (S.A. = 4 wCi/nmol), 5 uM [*H]co-
tinine (S.A. = 4 uCimmol), or both 5 pM 5-[*H]nicotine
A5 P iminium ion (S.A. = 4 pCi/nmol) and 50 pM cotinine and 1 mM
NADPH in 50 mM Tris buffer, pH 7.4. Reconstituted CYP2A6 (25
pmol, at 0.5 pmol P450/ul) was incubated with 5 uM [*H]nicotine
A% Piminium ion (S.A. = 4 pCi/nmol) and 1 mM NADPH in 50 mM
Tris buffer, pH 7.4. Aliquots (12 pl) were removed at 1, 2.5, 5, and 10
min for CYP2A13 or 2.5, 5, 10, and 20 min for CYP2A6, and 1.2 pl
each of 0.3 M barium hydroxide and zinc sulfate were added to the
aliquot to terminate the reaction. The samples were analyzed by
HPLC system II with UV and radioflow detection (3-Ram; IN/US
Systems, Tampa, FL). Metabolites were identified by coelution with
standards. The identity of the metabolites was confirmed by LC/MS
and LC/MS/MS analysis as described above.

To determine the specific activity of the 3'-hydroxycotinine and
5'-hydroxycotinine formed during CYP2A13-mediated [*H]nicotine
A5 iminium ion metabolism, reconstituted CYP2A13 (25 pmol, at
0.5 pmol P450/ul) was incubated with 5 pM [*H]nicotine
A5 iminium ion (S.A. = 2 wCi/nmol) in the presence and absence of
10 and 100 pM cotinine for 5 min at 30°C. Three independent
experiments were performed for each iminium ion/cotinine combina-
tion. For each experiment the ¢rans-3'-hydroxycotinine and 5’-hy-
droxycotinine peaks were collected from HPLC system II, and dg-
trans-3'-hydroxycotinine was added as an internal standard to each
fraction. The fractions were analyzed by capillary LC/MS/MS (trip-
licate injections for each) to determine the concentration of 3'-hy-
droxycotinine or 5’-hydroxycotinine. The method used to analyze
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3’-hydroxcotinine in plasma was described previously (Bloom et al.,
2011). Standard curves for both 3’-and 5’-hydroxycotinine were de-
termined. The radioactivity present in each was determined by an-
alyzing triplicate aliquots on a Beckman Coulter (Fullerton, CA)
LS6500 scintillation counter.

HPLC Systems. In system I, the metabolites were separated on a
Luna C;g reverse-phase HPLC column (0.46 X 25 cm; 5 wm; Phe-
nomenex, Torrance, CA) and eluted isocratically with 0.2% TFA, pH
1.6 at a flow rate of 0.7 ml/min. In system II, the metabolites were
separated on a Gemini C18 column (0.46 X 25 ¢cm; 5 wm; Phenome-
nex) over 45 min at a flow rate of 1 ml/min. The mobile phase
consisted of 20 mM ammonium bicarbonate, pH 9.4 (A) and acetoni-
trile (B). The metabolites were eluted with a gradient from 4 to 6% B
in 20 min, then to 20% B in 5 min, then to 35% B in 5 min, followed
by a 10-min hold at 35% B.

Effects of the Nicotine A* *’Iminium Ion on CYP2A6- and
CYP2A13-Mediated Coumarin 7-Hydroxylase Activity. CYP2A6
or CYP2A13 were reconstituted with reductase and lipid as de-
scribed above. Catalase and Tris buffer were added to the reconsti-
tuted enzymes to give final concentrations of 0.5 pmol/pl P450, 1
pmol/pl reductase, 0.1 ng/pl lipid, 35 U/ul catalase, and 50 mM Tris
buffer, pH 7.4. To minimize the loss of enzyme activity in the absence
of substrate, reactions were carried out at 30°C as described previ-
ously for nicotine-mediated inactivation experiments (von Weymarn
et al., 2006).

Time-, Concentration-, and NADPH-Dependent Inactiva-
tion of CYP2A6 and CYP2A13 by the Nicotine A% @’ Iminium
Ion. Nicotine A®>'*”iminium ion (0-200 uM) and 1 mM NADPH were
added to the reconstituted enzyme solution described above to gen-
erate the primary reaction mixture. The primary reaction mixtures
were incubated for 5 min at 30°C before the addition of NADPH (1
mM). Upon addition of NADPH, aliquots (5 pl; 2.5 pmol P450) were
removed at the indicated times (0—60 min for CYP2A6; 0—30 min for
CYP2A13) and added to a secondary reaction mixture (200 pl; a
40-fold dilution) for the determination of coumarin 7-hydroxylation
activity remaining as described previously (von Weymarn et al.,
1999, 2006). Reactions were carried out at 30°C to minimize the loss
of enzyme activity in the absence of substrate as described previously
for nicotine inactivation experiments (von Weymarn et al., 2006).

Partition Ratio. CYP2A13 was reconstituted, and the primary
reaction mixtures were prepared as described above. Primary reac-
tion mixtures containing 0, 2.5, 5, 10, 20, 40, 80, 160, or 500 uM
nicotine A>*iminium ion were incubated for 60 min at 30°C in the
presence of 1 mM NADPH. Aliquots containing 2.5 pmol of CYP2A13
(5 pl) were removed at 0 and 30 min, and the 7-hydroxycoumarin
activity remaining was determined in a secondary reaction mixture
as described above. Three independent experiments were performed
in duplicate. The partition ratio was determined for each indepen-
dent experiment, and the values were averaged.

Substrate Protection. Nicotine A>!iminium ion inactivation
experiments were carried out in the presence of alternate substrates,
cotinine and coumarin for CYP2A13 or (S)-NNN for CYP2A6. These
experiments were carried out as described previously (von Weymarn et
al., 2005). CYP2A6 reactions contained 200 uM nicotine A>*”iminium
ion and were incubated for 60 min. CYP2A13 reactions were incu-
bated with 50 pM nicotine A%1’iminium ion for 30 min. The con-
centrations of (S)-NNN in the CYP2A6 primary reactions were 0, 10,
or 50 pM. In the CYP2A13 reactions, the concentrations of the
alternate substrates were 0, 50, or 400 pM for cotinine and 50 pM for
coumarin. The control sample did not contain either the iminium ion
or the alternate substrate. When coumarin was used as an alternate
substrate additional control reactions were carried out. These con-
trols, in which no coumarin was added to the secondary reaction,
were used to quantify the 7-hydroxycoumarin formed in the primary
reactions that was transferred into the secondary reaction. To cal-
culate the CYP2A13 activity in the secondary reaction the amount of
7-hydroxycoumarin formed in the controls was subtracted from that
formed in the complete secondary reactions.
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Irreversibility of Inactivation. The irreversibility experiments
were performed as described previously (von Weymarn et al., 2005).
Reconstituted CYP2A6 and CYP2A13 was incubated with the nico-
tine A>*iminium ion (50 wM for CYP2A13; 100 pM for CYP2A6) in
the presence (inactive) or absence (control) of 1 mM NADPH in 50
mM Tris buffer, pH 7.4. Samples were incubated 5 min without
NADPH at 30°C. At 0 and 20 min (CYP2A13) or 30 min (CYP2A6)
after NADPH addition the samples were analyzed for coumarin
7-hydroxylation activity remaining, spectrally active protein, by re-
duced CO spectra remaining and the amount of native heme as
determined by HPLC with UV detection. The remainder of the con-
trol and inactivated samples (200-250 pl) was applied to a G50
Sephadex spin column (von Weymarn et al., 2004); samples were
then reconstituted with lipid and analyzed for coumarin 7-hydroxy-
lation activity, the formation of a reduced CO spectrum, and native
heme.

Results

The nicotine A *”iminium ion was an inactivator of both
CYP2A6 and CYP2A13 (Fig. 2). The inactivation was linear
with time and did not occur in the absence of NADPH. It was
difficult to find a range of iminium ion concentrations that
resulted in a linear loss of CYP2A6 activity (Fig. 2A). At
concentrations below 50 puM inactivation was not detected,
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Fig. 2. Time- and concentration-dependent inactivation of CYP2A6 (A)
and CYP2A13 (B) by the nicotine A>’iminium ion. Activity remaining
refers to coumarin 7-hydroxylation activity measured in a secondary
reaction at the indicated times. The A®*’iminium ion concentrations are
0 (@), 50 (O), 75 (¥), 100 (A), and 200 (M) nM for CYP2A6 and 0 (@), 5 (O),
10 (V), 25 (A), 50 (W), and 100 ((J) uM for CYP2A13. Values are mean *+
S.D. from three independent experiments performed in duplicate. The
insets represent the double-reciprocal plot generated from the slopes of
the lines at the various concentrations.

and at concentrations above 100 pM the extent of inactiva-
tion did not increase. Despite the lack of linearity with nic-
otine A**iminium ion concentration the kinetic parameters
for the inactivation of CYP2A6 by the iminium ion were
estimated from the double-reciprocal plot of 1/& versus 1/[imi-
nium ion]. The estimated K; for the inactivation of CYP2A6
was 300 uM, the k;... was 0.03 min ', and the ¢,,, was 27
min. The inactivation of CYP2A13 by the nicotine
A% Timinium ion was linear over a range of concentrations
(Fig. 2B) and was more efficient than inactivation of
CYP2AG6; the K; was 30 pM and the k.. was 0.04 min~*
with a t,,, of 15.5 min.

The partition ratio, the number of molecules of the inacti-
vator metabolized per molecule of enzyme inactivated, was
determined by allowing the inactivation to go to completion
at varying iminium ion concentrations (Fig. 3). In the case of
CYP2A13 maximum inactivation resulted in the loss of 80%
of the enzyme’s activity, and the partition ratio was 42 = 7
(mean * S.D.; n = 3). It was not possible to quantify the
partition ratio for CYP2A6, because significant coumarin
7-hydroxylation activity was lost when CYP2A6 was incu-
bated with NADPH for the 60 min required for complete
inactivation by the nicotine A>*”iminium.

Both CYP2A6 and CYP2A13 were protected from nicotine
A% Piminium ion-mediated inactivation by the addition of
alternate substrates (Table 1). The addition of (S)-NNN, an
excellent substrate for CYP2A6 (K, 2.3 pM; V.. 1.0
min~ ') (Wong et al., 2005) resulted in complete protection.
However, cotinine (K,,,, 61 uM; V., 11 min~ ") (Brown et al.,
2005) present at 400 wM provided only modest protection of
CYP2A13. Therefore, coumarin, which is an excellent sub-
strate for CYP2A13 (K,,, <1 nM) (von Weymarn and Murphy,
2003), was used as an alternate substrate. In the presence of
50 pM coumarin CYP2A13 was completely protected from
nicotine " *”iminium ion-mediated inactivation.

The irreversibility of nicotine A®*”iminium ion-mediated
inactivation was confirmed for both CYP2A6 and CYP2A13.
Under conditions in which the inactivation of CYP2A13 by 50
M nicotine A% *”iminium ion resulted in a 50 = 3% loss in
coumarin 7-hydroxylation activity, a 16 = 2.5% loss in intact
heme and 55 to 70% loss in reduced CO spectra were ob-
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Fig. 3. Partition ratio determination for CYP2A13 with the nicotine
A5 iminium ion. The inactivation was allowed to go to completion, then
coumarin 7-hydroxylation activity was determined in a secondary reac-
tion. Values are the means = S.D. of three independent experiments
preformed in duplicate. The arrow indicates the intercept used to deter-
mine the partition ratio.



TABLE 1

Effects of alternate substrates on nicotine A®*”iminium ion-mediated
inactivation of CYP2A6 and CYP2A13

Enzymes were incubated with nicotine A Diminium ion (200 M for 60 min with
CYP2A6; 50 pM for 20 min with CYP2A13) at 30°C, in the presence of alternate
substrate. Coumarin 7-hydroxylation activity was determined in a secondary reac-
tion as described under Materials and Methods. The values reported are the mean +
S.D. for three independent experiments.

Ratio of Iminium Ion/  Percentage Activity

Alternate Substrate

Alternate Substrate Remaining
CYP2A6 1:0 46 £ 7
CYP2A6 NNN, 10 pM 20:1 50+ 3
CYP2A6 NNN, 50 pM 4:1 111 = 13
CYP2A13 1:0 38*+1
CYP2A13 Cotinine, 50 pM 1:1 48 = 4
CYP2A13 Cotinine, 400 pM 1:8 69 £ 2

served. These values were not altered by spin-column gel
filtration. The data for CYP2A6 and 100 pM iminium ion
were similar: 50 = 1.5% activity loss, 27 * 8% loss of intact
heme; and 65% loss in spectrally active protein.

The addition of exogenous nucleophiles to an inactivation
reaction is often used to characterize a compound as a true
mechanism-based inactivator, that is, a compound that upon
metabolism covalently modifies the active site of the enzyme.
However, protection by exogenous nucleophiles, such as glu-
tathione and cyanide, could not be assessed with the nicotine
A% iminium ion, because it will react with the nucleophile
before being metabolized. The nicotine A *”iminium ion has
been shown to covalently modify proteins (Shigenaga et al.,
1988), but it did not inactivate either CYP2A6 or CYP2A13 in
the absence of NADPH.

To gain a better understanding of the mechanism of
CYP2A6 and CYP2A13 inactivation by the nicotine A%
iminium ion, its metabolism was studied in detail. The me-
tabolites generated were characterized by coelution with
standards in two HPLC systems (Figs. 4 and 5), and their
identity was confirmed by LC/MS and LC/MS/MS analysis.
The primary product generated by both enzymes was cotinine.
No aldehyde oxidase was present in the reaction mixture, and
cotinine formation depended on the presence of NADPH.

The cotinine metabolite, trans-3’-hydroxycotinine was de-
tected within 5 min of cotinine formation by CYP2A13 (Fig.
4A). The concentration of cotinine was <0.5 pM at this time,
significantly below the K, of CYP2A13-catalyzed cotinine
3’-hydroxylation (61 pM). At 20 min, additional cotinine me-
tabolites were detected as secondary metabolites of the nic-
otine A® T iminium (Fig. 4B). To further characterize these
metabolites, experiments were carried out with increased
enzyme and decreased nicotine A®”iminium concentra-
tions. The products of these reactions were analyzed with a
second HPLC system (Fig. 5), which allowed separation of the
cis and trans isomers of 3’-hydroxycotinine. To maximize prod-
uct formation excess enzyme was used to generate the data
presented in Fig. 5. Both cis and trans 3'-hydroxycotinine were
products of CYP2A13-catalyzed nicotine A% ! ’iminium metab-
olism, and both increased with time (Fig. 5, A and B). 5'-
Hydroxycotinine, norcotinine, and N-hydroxymethylnorcoti-
nine were also identified as products. The identity and
relative amounts of norcotinine and 5'-hydroxycotinine were
confirmed by collection from HPLC system II and analysis on
HPLC system 1.

Cotinine and cotinine metabolites were also detected as
products of CYP2A6-catalyzed nicotine A® *’iminium metab-
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Fig. 4. Radioflow HPLC analysis of CYP2A13-mediated metabolism of
nicotine A *“iminium ion on system I. CYP2A13 (3 pmol) was incubated
with 20 pM [5-*H]nicotine A®®’iminium ion (specific activity, 0.1 wCi/
nmol) for 5 min (A) or 20 min (B). The retention times were confirmed by
coelution with standards in each sample.

olism (Fig. 5, C and D). The metabolites identified were cis-
and trans-3'-hydroxycotinine and the products of methyl
oxidation, N-(hydroxymethyl)norcotinine and norcotinine.
5’-Hydroxycotinine was not detected. The radioactive peak
at 28 min did not coelute with any available standard and
was a product of both CYP2A6- and CYP2A13-catalyzed
metabolism of the nicotine A® *”iminium. This peak was
collected and analyzed by LC/MS/MS. The parent ion de-
tected was m/z 177 (M+H). The product ion spectra of this
metabolite contained three primary fragments, m/z 118
(100%), m/z 159 (60%), and m/z 80 (48%). The m/z 159
fragment was proposed to be protonated B-nicotyrine gen-
erated by the loss of water, consistent with the presence of
a hydroxyl group and a double bond in the pyrrolidine ring
of the parent ion. The major fragment, m/z 118, a common
fragment of nicotine-related compounds (Hecht et al.,
1981; Tuomi et al., 1999), contains the pyridine ring and
three carbons of the pyrrolidine ring, and m/z 80 is the
pyridinium ion. These fragmentation data support the ten-
tative identification of this metabolite as 2'-hydroxy-3',4'-
dehydronicotine or a related isomer.

The kinetic parameters for the formation of cotinine from
the nicotine A% *”iminium were estimated under conditions
that minimized inactivation and the formation of secondary
metabolites. CYP2A13 was a more efficient catalyst of this
reaction than was CYP2A6. The apparent K,, for CYP2A13-
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Fig. 5. Radioflow HPLC analysis of nicotine A®**”iminium ion metabolism by CYP2A6 and CYP2A13 on system II. [5-*H]nicotine A®>*’iminium ion
(5 pM; 4 pCi/nmol) was incubated with CYP2A13 (25 pmol) for 5 min (A) and 20 min (B) or with CYP2A6 (25 pmol; 4 n.Ci/nmol) for 5 min (C) and 10
min (D). Retention times were confirmed by coelution with standards. A mix of standards, which included cis-3HCOT (r, = 17.3 min), ¢rans-3HCOT
(r, = 18.0 min), NHCOT (r, = 19.2 min), norcotinine (r, = 21.1 min), 5HCOT (r, = 21.7 min), nornicotine (r, = 23.0 min), and cotinine (r, = 25.1 min),
was added to each sample. cis-Nicotine N-oxide (r, = 9.1 min), trans-nicotine N-oxide (r, = 10.2 min), myosmine (r, = 29.2 min), and B-nicotyrine (r, =

41.1 min) were added to a subset of samples.

TABLE 2

CYP2A13-catalyzed [*H]cotinine and [*H]nicotine A®*”iminium ion metabolism
CYP2A13 (25 pmol) was incubated with the indicated substrates (4 n.Ci/nmol) at 30°C. Aliquots were removed from each sample at the indicated times and analyzed on HPLC

system II. The values are the mean + S.D. for four independent experiments.

Ratio of Products Percentage Total Radioactivity

Substrate (5 uM) Time

¢is-3HCOT/trans-3HCOT 3HCOT</ 5SHCOT Cotinine
min

[*H]nicotine A®**”iminium ion 1 0.5 + 0.08° 45+ 0.3° 15+ 3
2.5 0.4 = 0.05 2.6 +0.3 25 *+ 3
5 0.4 +0.02 1.9 0.2 37 +4
10 0.3 = 0.02¢ 1.1+ 0.1° 47+ 3

[®H]cotinine 1 No cis-3BHCOT N.D. N.D
2.5 No cis-3HCOT 0.2+ 0.1 93 + 3
5 No cis-3BHCOT 0.3 +0.1 94 + 2
10 No cis-3HCOT 0.2+0.1 94 + 1

N.D., not detected.
“ cis and trans isomers combined.
® Values significantly different by paired one-tailed t-test; P < 0.005

mediated A% *”iminium ion metabolism was 28 + 4 pM, and
the V.. was 12.9 = 0.7 nmol/min/nmol, whereas the appar-
ent K and V. values for CYP2A6 were 229 = 49 pM and
6.0 = 0.7 nmol/min/nmol, respectively.

The product distribution of the secondary metabolites
formed from the nicotine A% *”iminium ion varied with time

and differed significantly between the two enzymes. trans-

3’-Hydroxycotinine was the major secondary metabolite gen-
erated by CYP2A13 (Fig. 5, A and B). The cis isomer was also
detected; however, as the reaction time was increased the
ratio of the cis to trans isomer decreased (Table 2). In addi-
tion, the amount of 5'-hydroxycotinine relative to both cis-
and trans-3'-hydroxycotinine increased with longer reaction
times (Table 2). 5'-Hydroxycotinine was not detected as a



TABLE 3
CYP2A6-catalyzed [*H]nicotine A '”iminium ion metabolism
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CYP2A6 (25 pmol) was incubated with 5 uM(4 pCi/mmol) [*H]nicotine A>*”iminium ion at 30°C. At the indicated times aliquots were analyzed on HPLC system II as
described under Materials and Methods. The values reported are the mean = S.D. for four independent experiments.

Percentage of Radioactivity” Ratio
Time
Iminium Ion Cotinine NCOT and NHCOT?® 3HCOT* cis-3HCOT/trans-3HCOT 3HCOT“/NCOT and NHCOT
2.5 min 85 *+5 4+1 2+0.5 2+1 04 =02 1.0 £ 0.4
5 min 77 +3 7T*x2 5*x1 3*x1 0.3 = 0.04 0.6 = 0.2
10 min 64 =3 11+ 2 10 £ 2 4+1 0.3=*02 0.5*0.2
20 min 50 £ 6 15+1 19 £2 6+ 2 0.2+0.1 0.3 0.1

@ Percentage of the sum of all metabolites and the nicotine A>*”iminium ion quantified by HPLC.

® Sum of NHCOT and NCOT.
¢ Sum of cis- and ¢trans-isomers 3HCOT.

product of CYP2A6-catalyzed metabolism (Fig. 5, C and D).
Norcotinine and 3'-hydroxycotinine both were detected as
secondary metabolites. The formation of norcotinine in-
creased significantly with time relative to the formation of
3’-hydroxycotinine (Table 3). At 2.5 min the products of co-
tinine methylhydroxylation were present in a 1:1 ratio with
3’-hydroxycotinine; by 20 min this ratio had decreased to 0.3
(Table 3). Both cis- and ¢rans-3'-hydroxycotinine were de-
tected and, as with CYP2A13, the ratio of the cis to trans
isomer decreased with time.

The secondary metabolites of the nicotine A®*”iminium
were presumed to be the products of cotinine metabolism.
However, we reported previously that 5'-hydroxycotinine
was a product of CYP2A6-catalyzed cotinine metabolism and
it was the major product of CYP2A13-catalyzed cotinine me-
tabolism (Murphy et al., 1999; Brown et al., 2005). We re-
peated the analysis of cotinine metabolism by these two
enzymes under the same conditions as those used for the
metabolism of the nicotine A% *’iminium ion (Fig. 5). As
reported previously (Murphy et al., 1999; Brown et al., 2005),
5’-hydroxycotinine was detected as a metabolite of CYP2A6-
catalyzed cotinine metabolism (data not shown) and was the
major product of CYP2A13-catalyzed cotinine metabolism. In
Table 2, the ratio of 3'-hydroxycotinine to 5'-hydroxycotinine
generated by CYP2A13-catalyzed metabolism of cotinine and
the nicotine A®*iminium ion are compared. When the sub-
strate was cotinine, no cis-3'-hydroxycotinine was detected,
and the ratio of 3’'-hydroxy to 5'-hydroxycotinine was 0.2 to
0.3 at all reaction times. In contrast, when the substrate was
the nicotine A®*”iminium ion the ratio of 3'-hydroxy to
5'-hydroxycotinine decreased with time as the concentration
of cotinine increased (Fig. 5, A and B; Table 2). After 1 min
when 15% of the radioactivity was present as cotinine the
ratio of 3'-hydroxy to 5'-hydroxycotinine was 4.5 = 0.3. After
10 min when cotinine accounted for 47% of the radioactivity
(a concentration of 2.5 pM), the ratio decreased to 1.1 = 0.1.
The observed change in the ratio of 3'-hydroxy to 5’-hydroxy-
cotinine was the result of an increased rate of 5’-hydroxyco-
tinine formation (Table 4). Because of the mechanism-based
inactivation of the enzyme, the rate of formation of the sum
of all major metabolites decreased significantly from the first
to the 10th minute of the reaction. However, the rate of
5’-hydroxycotinine formation increased over this time period,
and the rate of total 3'-hydroxycotinine formation decreased
(Table 4). These data and the fact that CYP2A13 catalyzes
the 5'-hydroxylation of cotinine at a rate five times the rate
of 3" hydroxylation led us to assume that the increased rate
of formation of 5’-hydroxycotinine was caused by the metab-
olite cotinine re-entering the active site as a substrate. 3'-

TABLE 4

Rate of tritiated product formation during CYP2A13-mediated
[*H]nicotine A% *”iminium ion metabolism in the absence and presence
of cotinine

CYP2A13 (25 pmol,) was incubated with 5 uM (4 wCi/mmol) [*H]nicotine
A% @iminium ion in the absence of presence of 50 LM cotinine at 30°C. Aliquots were
taken at the indicated times and analyzed on HPLC system II with radioflow
detection. Values are calculated using the specific activity of the iminium ion,
means + S.D. for four independent experiments.

Rate of Formation, pmol/min/pmol CYP2A13

Addition Time

Total [*H]
Metabolites® [*H]3HCOT? [*H]5HCOT
min
None 1 0.32 £0.03° 0.23*+0.04 0.05=*0.01
10 0.24 = 0.03° 0.12 +0.02 0.12 = 0.02¢
Cotinine, 50 uM 1 0.24 = 0.02° 0.18 =0.02 0.05 = 0.01
10 0.19 = 0.01° 0.10 + 0.01  0.08 = 0.01¢

“ Includes cotinine, cis- and trans-3HCOT, 5HCOT), norcotinine, N-(hydroxym-

ethgfl)norcotiqine, and the‘28—min peak.
Sum of cis and trans isomers.

¢ Values are significantly different by ¢ test; P < 0.02.

4 Values are significantly different by ¢ test; P < 0.005.

Hydroxycotinine may be formed primarily as a product of the
sequential metabolism of the nicotine A®> *”iminium ion, that
is two oxidation reactions occur before product release from
the enzyme.

To further investigate the possible CYP2A13-catalyzed se-
quential metabolism of the nicotine A®*’iminium ion to
cotinine and then to 3’-hydroxycotinine, the metabolism of
[5-*H]nicotine A% *”iminium ion was carried out in the pres-
ence and absence of nonradioactive cotinine. The nonradio-
active cotinine should compete with the oxidation of [*H]co-
tinine released for the active site, but should not affect
sequential metabolism. The rates of [5->H]3’-hydroxycotinine
to [5-°H]5’-hydroxycotinine formation in the presence and
absence of cotinine are compared in Table 4. The rate of total
[*H]metabolite formation was slower at 1 and 10 min in the
presence of cotinine. The decrease was modest given the
approximately 25-fold ratio of nonradioactive to radioac-
tive cotinine. This may in part be explained by protection of
the enzyme from inactivation resulting in an overall increase
in enzyme activity. However, the rate of [*H]3'-hydroxycoti-
nine formation at 10 min was not significantly affected by the
presence of unlabeled cotinine. In the presence of unlabeled
cotinine the rate of [*H]5'-hydroxycotintine formation de-
creased 30%, from 0.12 to 0.08 pmol/min/pmol CYP2A13.
These data are consistent with the hypothesis that the
formation of [*H]5'-hydroxycotinine is caused by the me-
tabolism of [*H]cotinine that re-enters the active site of the
enzyme and that the [*H]3’-hydroxycotinine formation
may occur by sequential metabolism of the [*Hlnicotine-
A®Miminium ion.
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To confirm the differential effect of nonradioactive cotinine
on the formation of tritiated 3’- and 5'-hydroxycotinine from
the [*H]nicotine A®>*”iminium ion (5 uM), the specific activ-
ity of these two metabolites was determined after a 5-min
reaction. In this experiment, the concentration of cotinine
was 100 pM. Aliquots of the tritiated products were isolated
by using HPLC system II, the radioactivity present was
quantified by scintillation counting, and the concentration of
the metabolite was determined by LC/MS/MS. The specific
activity of 5’-hydroxycotinine was 4.0 nCi/nmol in the ab-
sence of cotinine and 0.24 wCi/nmol in the presence of coti-
nine. The specific activity of 3'-hydroxycotinine was 4.0 nCi/
nmol when unlabeled cotinine was not added and 0.54 p.Ci/
nmol when it was added. These data are consistent with a
portion of the 3-hydroxycotinine being formed from the oxi-
dation of [*H]cotinine that is not diluted with unlabeled
cotinine. We were unable to independently calculate the spe-
cific activity of the cis and trans isomers of 3’-hydroxycoti-
nine because of the 30-s separation between the tritiated and
nontritiated metabolites and the small separation between
the cis and trans isomers obtained by HPLC.

Discussion

We reported previously that both CYP2A6 and CYP2A13
were inactivated during nicotine metabolism (von Weymarn
et al., 2006). However, the inactivation occurred after nico-
tine metabolism was complete. This led us to suggest that
oxidation of a nicotine metabolite, possibly the nicotine
A% T%iminium ion, was responsible for generating the inacti-
vating species. In the studies presented here we confirm that
the nicotine A®*”iminium ion is an inactivator of both
CYP2A6 and CYP2A13, and that inactivation depends on
time, concentration, and the presence of NADPH. Inactiva-
tion was not reversible, the presence of alternate substrates
protected both enzymes from inactivation, and the observed
loss in enzyme activity was accompanied by a parallel loss in
spectrally active protein, as measured by reduced CO spec-
trum. These data all are consistent with the characterization
of the nicotine A®"*”iminium ion as a mechanism-based in-
activator of both CYP2A13 and CYP2A6.

Denton et al. (2004) reported that the nicotine A>*’iminium
ion was a poor inhibitor of CYP2A6 (K; = 300 pM) and then
concluded that “a species on the reaction path before the
iminium ion is responsible for nicotine-mediated inhibition”
of CYP2A6. We report an estimated K; for the inactivation of
CYP2A6 by the nicotine A> *’iminium ion of 300 pM and
have concluded that the nicotine metabolite responsible for
inactivation of CYP2A6 is a metabolite of the iminium ion.
This conclusion is supported by our earlier report (von Wey-
marn et al., 2006) that nicotine-mediated inactivation of
CYP2A6 and CYP2A13 occurred as secondary and tertiary
metabolism of nicotine were detected and now by our char-
acterization of the iminium ion as a mechanism-based inac-
tivator of both CYP2A6 and CYP2A13.

The relatively high K; for nicotine A% *’iminium ion-medi-
ated inactivation may not be an accurate measure of its
potency as an inactivator if, when it forms as the primary
product of nicotine metabolism, a portion is further oxidized
before release from the active site of the enzyme. This would
require that CYP2A6 catalyzes the sequential metabolism of
nicotine. The rapid appearance of cotinine as a metabolite of

both CYP2A6- and CYP2A13-catalyzed nicotine metabolism
has led us to suggest that this is true (von Weymarn et al.,
2006). Sequential metabolism by CYP2A6 has been demon-
strated for the oxidation of N,N-dimethylnitosamine and
N,N-diethylnitosamine to formic acid and acetic acid, respec-
tively (Chowdhury et al., 2010). In the study presented here,
we confirmed that CYP2A13 catalyzes the sequential metab-
olism of the nicotine A®"*”iminium ion to 3'-hydroxycotinine.
The high K, of CYP2A6-catalyzed metabolism of the nicotine
A5 Piminium ion made it difficult to characterize secondary me-
tabolism by CYP2A6, but the data obtained support the sequential
metabolism of the iminium ion to 3'-hydroxycotinine.

The metabolism of nicotine to cotinine requires two oxida-
tions, and it has been generally accepted that a cytosolic
enzyme, aldehyde oxidase, is necessary for the oxidation of
the nicotine A®*”iminium ion to cotinine (Hukkanen et al.,
2005). However, rabbit and human liver microsomes have
been shown to catalyze the metabolism of nicotine to cotinine
with no added cytosol (Shigenaga et al., 1988; Dicke et al.,
2005). In addition, both cotinine and the iminium ion were
products of CYP2A6- and CYP2A13-catalyzed nicotine me-
tabolism (Murphy et al., 2005; von Weymarn et al., 2006).
Cotinine was the primary product of nicotine A>"*”iminium ion
metabolism by these enzymes (Fig. 4). Therefore, aldehyde ox-
idase is not required to metabolize nicotine to cotinine.

During either CYP2A6- or CYP2A13-catalyzed metabolism
of the iminium ion secondary metabolites products of cotinine
oxidation rapidly appeared (Figs. 4 and 5). It is noteworthy
that the distribution of the cotinine metabolites generated by
these enzymes from the iminium ion was different from the
distribution obtained when the substrate was cotinine (Mur-
phy et al., 1999; Brown et al., 2005). CYP2A13-catalyzed
cotinine metabolism generated three to five times more 5'-
hydroxycotinine than 3’'-hydroxycotinine. In contrast, 3’-hy-
droxycotinine was initially the primary cotinine metabolite
formed during CYP2A13-catalyzed metabolism of the imi-
nium ion. However, as the reaction proceeded the ratio of
3’-hydroxycotinine to 5'-hydroxycotinine decreased signifi-
cantly. We hypothesized that a portion of the 3’-hydroxyco-
tinine formed was caused by sequential metabolism of the
iminium ion and 5’-hydroxcotinine was formed from cotinine
released by the enzyme that re-entered the active site in a
different orientation. We obtained three pieces of data that
supported this hypothesis. One, the rate of 5'-hydroxycoti-
nine formation increased with reaction time, whereas the
rate of 3’-hydroxycotine formation decreased (Table 4). Two,
the addition of unlabeled cotinine to a CYP2A13 reaction
with [*H]iminium ion inhibited the rate of [*H] 5’-hydroxy-
cotinine formation but not the rate of [*H]3’-hydroxycotinine
formation (Table 4). Three, the specific activity of the 3’-
hydroxycotinine formed was twice that of the 5'-hydroxcoti-
nine when the [*H]iminium ion was metabolized in the pres-
ence of unlabeled cotinine.

The primary pathway of CYP2A6-catalyzed -cotinine
metabolims in vitro was N-hydroxylation (Brown et al.,
2005). Deformylation of the product of this pathway, N-(hy-
droxymethyl)norcotinine, generates norcotinine (Fig. 1). Both
N-(hydroxymethyl)norcotinine and norcotinine were prod-
ucts of CYP2A6-catalyzed nicotine A *’iminium ion metab-
olism, and their formation relative to the formation of 3’'-
hydroxycotinine increased significantly with time. This is
analogous to the observed increased rate of cotinine 5'-



hydroxylation relative to 3’-hydroxylation by CYP2A13-
catalyzed iminium ion metabolism. Taken together, these
data support the hypothesis that the formation of 3’-
hydroxycotinine as a product of CYP2A6-catalyzed metabo-
lism of the nicotine A® *’iminium ion occurred by sequential
metabolism, whereas at least a portion of the norcotinine
formed was caused by metabolism of cotinine that re-enters
the active site of the enzyme. The relatively high K of
cotinine metabolism by CYP2A6 (>500 nM) and the fact that
5’-hydroxycotinine, a more abundant metabolite of CYP2A6-
catalyzed cotinine metabolism than 3’-hydroxycotinine, was
not detected as a product of iminium metabolism, suggest
that sequential metabolism may be the dominant pathway.

Although cotinine was the primary product of CYP2AG6-
and CYP2A13-catalyzed nicotine A% *”iminium ion metabo-
lism, another product was identified, the “28-min” peak (Fig.
4). This metabolite had the same molecular mass as cotinine
but a very different product ion spectra; we have tentatively
identified it as 2'-hydroxy-3’,4'-dehydronicotine or a related
isomer that would dehydrate to generate B-nicotyrine.
B-Nicotyrine has been identified as a metabolite of nicotine in
the rat and dog (Werle and Meyer, 1950) and as a product of
CYP2A6-catalyzed nicotine metabolism (V. M. Kramlinger
and S. E. Murphy, unpublished data). We have recently
confirmed that, as suggested by Denton et al. (2004),
B-nicotyrine is a mechanism-based inactivator of CYP2A6
(Kramlinger et al., 2012). Therefore, we hypothesize that
B-nicotyrine may be a key intermediate in the inactivation of
CYP2A6 and CYP2A13 by both nicotine and nicotine
A% T%iminium ion. Experiments are ongoing to test this hy-
pothesis. A second hypothesis to be tested is that nicotine
may be metabolized by two sequential oxidations to
B-nicotyrine without the iminium ion leaving the active site.

In summary, we report here that the nicotine A>*’iminium
ion is a mechanism-based inactivator of CYP2A6 and
CYP2A13, and both enzymes catalyze the metabolism of the
nicotine A% iminium ion to cotinine. We also present evidence
that CYP2A6 and CYP2A13 catalyze the sequential metabo-
lism of the nicotine A> *”iminium ion. That is, a fraction of the
cotinine formed may not be released from the enzyme before
further oxidation to 3’-hydroxycotinine.
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